Introduction
Telomeres are part of essential structures, the telosomes, which protect the ends of chromosomes and ensure their complete replication (Zakian, 1995) . The telosome comprises proteins that bind to telomeric repeats (T 2 AG 3 in vertebrates) directly or through specific protein-protein interactions. This structure is supposed to adopt a particular conformation concealing the chromosome end from the DNA-damage sensing and repairing mechanisms, thus avoiding chromosome degradation and/or fusion (Blackburn, 2001) . Proteins necessary to the maintenance of telomeres are constitutively expressed in somatic cells, with the exception of hTERT, the catalytic subunit of telomerase (Aisner et al., 2002) .
In the absence of telomerase, the enzymatic complex that adds telomeric repeats at the 3 0 ends of chromosomes, telomeres shorten with cell division . When telomeres reach a critical length, the cell stops dividing and enters a senescence state . In transformed cells, in which the p53 and Rb pathways have become defective, proliferation continues beyond senescence causing telomeres to shorten further and increasing the risk of their becoming unstable (Duncan and Reddel, 1997) . When telomeric fusions occur, successive cell divisions provoke repeated breakage-fusion-bridge (BFB) cycles that ultimately lead to generalized genome instability and cell death (crisis) (Ducray et al., 1999) . Most chromosome rearrangements resulting from telomere dysfunction during the precrisis period are considered fortuitous and deleterious for the cell. Crisis is therefore thought to act as a barrier to tumor development and may also constitute a selection step, since it is occasionally followed by the emergence of rare cells that have acquired a mechanism for telomere maintenance (i.e. they have become 'immortal') (Ishikawa, 1997; Artandi and DePinho, 2000; Hackett and Greider, 2002) . In this context, it is possible that some of the rearrangements derived from telomere instability favor the acquisition/establishment of the indefinite replicative potential characteristic of tumor cells (Duncan and Reddel, 1997) .
In humans, individual telomere lengths are highly heterogeneous within somatic cells (Lansdorp et al., 1996) . Several reports have suggested that particular chromosome arms are associated with a typical telomere length in all individuals (Martens et al., 1998) , or that there is a correlation between the size of the chromosomes and the length of their telomeres (Graakjaer et al., 2003) . Nevertheless, it has been shown, by Q-FISH-or PCR-based approaches that allow measurement of telomeres at specific chromosome extremities, that telomeres located at allelic positions in the same individual may vary significantly in length (LondonoVallejo et al., 2001; Baird et al., 2003) . One potential implication of this telomere length polymorphism within cells is that, upon inactivation of senescence-triggering mechanisms and before the cells reach crisis, chromosome extremities bearing the shortest telomeres (relative to other telomeres in the cell) may be the first to become unstable. Although extensive data in the literature support a correlation between exaggerated shortening and telomere dysfunction (Counter et al., 1992; Blasco et al., 1997; Hande et al., 1999; Gisselsson et al., 2001; Hackett et al., 2001) , this relationship has never been directly shown for specific chromosome extremities.
In order to evaluate the impact of telomere length heterogeneity on karyotype evolution in precrisis cells and on karyotype outcome after cell immortalization, we characterized the initial relative telomere length distribution in embryonic kidney epithelial cells transformed by the SV40 early region (ER) (Stewart and Bacchetti, 1991) . We correlated this information to the frequency of chromosome rearrangements during the precrisis period and to the karyotype of immortalized cells rescued from crisis.
Results

Precrisis HA1 cells bear extensive telomere length heterogeneity
HA1 cells are a clone of telomerase-negative embryonic kidney epithelial cells transformed by the SV40-ER (Stewart and Bacchetti, 1991) . These cells have a division potential of about 70 population doublings (PDs) before they reach crisis, and a telomere shortening rate of 65 bp/PD that brings telomeres down to 1.5 kb at crisis (Counter et al., 1992) . We started culturing HA1 cells at PD38 (calculated from the original transformed cell). The population entered a crisis after PD72, resuming growth few weeks later (Figure 1 ). Initial karyotypic analysis revealed a vast majority of normal metaphases, suitable for individual telomere Q-FISH analysis. Relative telomere fluorescence intensities, whose distribution is shown in Figure 1 , were estimated for each of the chromosome extremities (n ¼ 92) in 18 metaphases. The shape of relative length distribution in HA1 cells at this stage of growth, with light skewness to the right and wide range (0.57-2.02), resembles that described for cells near senescence and suggests the accumulation of relatively short telomeres (Lansdorp, 2000) .
After ranking individual telomere signals within each metaphase with regard to relative intensity, decreasing values (10-1) were assigned to the chromosome extremities that carried the 10 brightest or the 10 faintest telomeres in each metaphase. The addition of such values for extremities found in any of the two groups yielded the scores reported in Figure 2 .
The shortest telomere appears to be located on the long arm of one chromosome 18, whereas the opposite arm of the same homologue carries one of the longest telomeres (p/q ratio ¼ 2). The next two shortest telomeres are on opposite arms of the same chromosome 19 homologue. Finally, both homologues of chromosome 20 frequently carried very short telomeres on their long arm. The longest telomere in HA1 cells appears to be on one of the 13q extremities. Other long telomeres were associated with extremities 8p, 16q and 22p.
Early karyotypic alterations in HA1 cells exclusively implicate chromosome extremities with the shortest telomeres
The karyotypic evolution of HA1 cells was followed through the systematic examination, by telomeric FISH and classic FISH, of metaphases prepared every three or four PD. At PD44, we detected occasional telomeric associations ( Figure 2 ). As revealed by in situ hybridization, no telomeric signals were detected at the point of association, suggesting that these extremities lost telomeric sequences. In fact, the endto-end associations detected at this PD exclusively implicated chromosomes 18, 19 and 20, whose extremities were identified as carrying the shortest telomeres. Although there is no means to distinguish between homologues for these chromosome pairs, indirect evidence supports the conclusion that extremities carrying the shortest telomeres and the ones undergoing fusions are the same. For chromosome 18 fusions, always through the q-arm, Q-FISH showed that the free p-arm of the fused homologue invariably carried a very strong telomeric signal. In the same metaphases, the p/q ratio of telomeric signals detected on the intact homologue was very different (p/q ¼ 0.7) from that of the chromosome carrying the very short telomere at the q extremity (p/q ¼ 2). Similarly, fused chromosomes 19 carried very weak or no telomeric signal on their free extremity (either p or q), while their homologues presented easily detectable signals at both ends ( Figure 2 ). In the case of chromosome 20, for which both homologues had very short telomeres on their qarms, end-to-end fusions implicating their p-arms were very rare during the whole precrisis period. The frequency of end-to-end fusions increased with increasing passages (Table 1) , always implicating the same chromosomes and extremities. Interestingly, at around PD50, we detected a marker chromosome formed by two chromosomes 20 fused through their long arms. A third, apparently intact, chromosome 20 was always present in these otherwise pseudo-diploid cells (Figure 3 ), suggesting a postreplicative end-to-end fusion between sister chromatids leading to duplication of the whole chromosome. This kind of rearrangement was more rarely observed with the other extremities implicated in fusions.
At PD60, most cells had become tetraploid or hypotetraploid, and more complex chromosome aberrations became frequent. Many of them appeared to result from BFB cycles involving previously detected endto-end fusions, since subtelomeric sequences specific for chromosomes 18, 19 and 20 were now found at interstitial locations (Figure 3 ) of highly aberrant chromosomes.
Homologous chromosome extremities carrying different relative telomere lengths have different fates with regard to stability
To establish a more direct link between the fate of a single chromosome extremity and the length of its telomere, we used polymorphic subtelomeric probes to distinguish between homologues. In particular, we were able to distinguish the homologues for chromosomes 1 and 5 owing to the presence/absence of subtelomeric probes f7501 and DNF92 (Der-Sarkissian et al., 2002) ( Figure 4 ). In combination with Q-FISH, we could specifically measure the relative length of telomeres carried by single extremities. For chromosome 5, homologue A (carrying the subtelomeric probe DNF92) presented p and q telomeres longer and shorter, respectively, than those of their allelic counterparts ( Figure 4 ). The relative length distribution among these arms, and therefore the detected differences (Po0.0001) between allelic positions, were maintained during in vitro growth (not shown), up to the time where some telomere instability was detected. The follow-up of chromosome 5 extremities, with the help of chromosome-specific probes combined with homologue-specific probes, revealed that while the 5A homologue became unstable, invariably through its q-arm, late in precrisis (at around PD64-66), the other homologue remained intact. Initially implicated in telomeric fusions ( Figure 5 ), the 5qA homologue underwent rapid fragmentation (not shown). Later in precrisis (PD68-70), probably as a result of BFB cycles, most tetraploid cells showed apparently independent rearrangements affecting both chromosomes 5A, frequently placing the homologuespecific subtelomeric probe at an interstitial position. The vast majority of 5B homologues remained intact during the whole precrisis period. Chr. 20 Figure 2 Chromosome arms with the shortest telomeres in HA1 cells are the first to become unstable in precrisis. A total of 18 metaphases were analysed by telomere Q-FISH and individual telomere signals were ranked with regard to relative intensity within each metaphase. Decreasing values (10-1) were assigned to the chromosome extremities that carried either the 10 brightest or the 10 faintest telomeres in every metaphase. The table indicates the highest accumulated scores for chromosome extremities at both edges of the distribution. Telomeres on opposite arms of the same homologue are underlined. Chromosomes 18q, 19p, 19q and 20q appear to carry the shortest telomeres (their telomeric signals are barely visible). Although the corresponding homologues cannot be formally distinguished (left), their telomere lengths seem different, at least for chromosomes 18 (p/q ¼ 2.0, right and p/q ¼ 0.7, left) and 19 (the short telomeres found on p and q are both on the same homologue, right). As early as PD44, these chromosomes became implicated in associations through the arms shown previously to bear the shortest telomeres
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We noted that in some instances, chromosome fusions implicating 5q failed to be labeled with the subtelomeric probes, while in the same metaphases the intact copy of this chromosome could clearly be identified as homologue 5B. This observation and those from colocalization experiments, using a specific probe for the most distal 5q region (common to both homologues) and each of the homologue-specific subtelomeric probes separately ( Figure 5 ), suggested that these chromosome 5 homologues underwent a small deletion at their q extremity. It is possible that this terminal deletion is the result of a double-strand break after an initial telomere fusion with another extremity in a first round of BFB. Although we estimated that this deletion was associated with only about 20% of the fusions, its occurrence is compatible with the hypothesis that dicentric chromosomes, when pulled apart, may preferentially break near the telomere ( Figure 5 ). Chromosome 1 extremities also had different relative telomere lengths and different fates during the precrisis period (not shown). In particular, homologue 1qB carried a significantly (Po0.0001) shorter telomere than its allelic counterpart. At about PD64, chromosome abnormalities affecting one of the 1q-arms were detected. These included fusions but also small terminal deletions as revealed by the absence of labeling by chromosome 1qter-specific probes. Since homologuespecific probes only label the p extremity, we could not 
Total (%) 7 0( 100) 104 (100) 4 6( 100) 7 0( 100) 134 (100) 4 2( 100) 6 4( 100) 116 (100) 4 2( 100) a Number and frequency (in bold) of telomeric fusions. Chromosome extremities were identified by FISH using chromosome specific sub-telomeric probes. 'Intact chromosome' indicates that both extremities are labeled by the probes and are free of associations. The number of missing chromosomes (i.e. no detection of distal chromosome regions) was calculated with regard to the ploidy of the metaphase examined (*mostly pseudo-diploid; **mostly hypotetraploid). always distinguish which one of both q extremities was being fused or deleted. Nevertheless, in metaphases where the p/q structure of both chromosomes 1 was preserved, subtelomeric FISH suggested that the 1B homologue was more often implicated in fusions, through its q-arm, than the 1A homologue. In addition, we occasionally detected telomeric fusions between extremities 1q and 5qA. Finally, none of the extremities identified as carrying the longest telomeres in the cell was found to be implicated in telomere fusions at least up to PD64-66.
Impact of initial telomere length distribution on the karyotype of HA1 postcrisis cells SV40-ER-transformed HA1 cells enter a crisis period at about PD70 (Counter et al., 1992) . In the population grown in the present study (HA1-A), crisis was severe with massive cell death and no net growth for a period of 4 weeks (Figure 1 ), after which viable colonies emerged and were pooled. Telomerase activity was first detected in this population (not shown). The karyotype analysis of these cells revealed aberrations involving many chromosomes. Chromosomespecific subtelomeric probes allowed us to evaluate the extent of the rearrangements implicating the extremities of chromosomes 18, 19 and 20 (Table 1) , and both homologues of chromosome 5 and 1. While two copies of the homologue 5B appeared unaltered, no intact chromosome 5A could be detected. Instead, a marker chromosome, carrying part of the long arm of chromosome 5A with specifc subtelomeric sequences at an interstitial position (Figure 5 ), was present in almost all metaphases. A similar observation was made with chromosome 1, with homologue 1A being preserved and homologue 1B being fragmented (not shown).
Very few copies of chromosome 18 appeared to be intact in these postcrisis cells (not shown). Since all cells examined at PD60 had already one abnormal or missing chromosome 18, this indicates that the other homologue became implicated in rearrangements later in the precrisis period. The high frequency of 18p fusions , of a 5qter probe (revealing both 5q extremities, intact or fused) and either of the homologue-specific subtelomeric probes (DNF92 and f7501), separately. Plus and minus signs refer to, respectively, the detection by FISH or lack thereof of these probes. Comparison of both colocalization experiments reveals that a subset of fused 5qter extremities fails to be labeled by DNF92, suggesting that some homologues 5A had lost the subtelomeric marker probably after a first round of BFB Shortest telomeres in transformed cells H der-Sarkissian et al now found in these cells (in contrast to the predominant q fusions in precrisis cells) may be explained by the presence of a shorter telomere on the p-arm of the second homologue (p/q ratio ¼ 0.7, as indicated above). While almost 50% of the expected copies of chromosome 19 appeared unaltered, the vast majority of chromosomes 20 were implicated in q-arm fusions/ translocations often bearing amplification of subtelomeric sequences (Figure 6 ). Interestingly, in previous culturing of HA1 cells crisis was quite mild and characterized mainly by slower but continuous growth over a period of 20 PDs and detectable (but not massive) cell death, with cells reattaining the initial growth rate at around PD90 and telomerase activity becoming detectable as early as PD84 (Counter et al., 1992) . In these postcrisis HA1 cells, we detected less aberrant karyotypes (Table 1, Figure 6 ). In two independently derived postcrisis populations, HA1-B and -HA1-C, most cells were pseudodiploid, and both chromosome 5 and 1 homologues appeared intact (with the exception of one metaphase in postcrisis HA1-C cells, where a 1qB-5qB fusion was detected). One chromosome 18 was always apparently normal while the other was most frequently lost (as in HA1-C cells) or invariably carried additional material at its q-arm extremity (as in HA1-B cells). Both chromosomes 19 were often normal, but occasional telomeric fusions affected one of its homologues (more frequently in HA1-C than in HA1-B cells). In HA1-C cells, both p and q fusions involving chromosome 19 had, as a partner, the q-arm of one chromosome 20. On the other hand, most HA1-B cells were trisomic for chromosome 20, with two copies fused to each other through their q-arms (similar to the fusions detected during the precrisis period) and one copy apparently normal (Figure 6 ). High karyotypic similarities within the cell lines suggest a clonal origin for each of them.
To check for changes in gross structure or copy number of the 5p15.33 region carrying the hTERT locus in postcrisis cells, we used a 90 kb genomic fragment spanning the whole gene. Although no aberrations implicating the hTERT locus were detected in most postcrisis populations, we found that the additional chromosomal material on the aberrant 18q chromosome in HA1-B cells includes material from distal 5pter (Figure 6 ). This 5pter fragment, which contains the hTERT locus, seems to arise from a fusion/duplication event since several probes specific to this region hybridized to the aberrant chromosome 18 and to both 5p extremities with no obvious differences in intensity (Figure 6 ). Although we do not know whether this rearrangement contributed to the reactivation of telomerase in this particular cell line, it was detected in all metaphases suggesting some selective advantage.
Discussion
In the present study, we have investigated the contribution of telomeres of different length to the stability of individual chromosome arms as transformed cells approach and emerge from proliferative crisis. While growth arrest at senescence appears to depend mainly from a change in telomere structure and only indirectly from telomere length (Karlseder et al., 2002; Stewart et al., 2003) , a large body of evidence indicates that excessive telomere shortening postsenescence leads to telomere dysfunction and chromosome end instability (Blasco et al., 1997; Counter et al., 1992; Hande et al., 1999; DePinho, 2000; Gisselsson et al., 2001; Hackett et al., 2001) . However, it has been difficult to draw a direct connection between telomere length and relative stability of particular chromosome arms partly because of the telomere length heterogeneity between homologous chromosomes (Henderson et al., 1996) . Here, we have used Q-FISH to measure relative telomere lengths carried by specific chromosome arms and have followed the karyotype evolution and final karyotype outcome in SV40-ER-transformed cells with extensive telomere length heterogeneity. Our results show that chromosome arms carrying shorter telomeres (relative to their homologues or other chromosome arms in the cell) are (red) with a 5pter probe (green) carrying the entire hTERT locus. One chromosome 18 is normal while the other presents additional genomic material at its q end. The green probe reveals that this material contains the hTERT locus (or part thereof), which is also present at its normal location on both 5p chromosomes. This particular aberration was only found in HA1-B cells
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H der-Sarkissian et al implicated earlier during precrisis in telomere fusions leading to BFB cycles. In addition, analysis of several postcrisis cell lines independently obtained from precrisis cells, revealed common patterns of abnormalities in which chromosome arms carrying the shortest telomeres are invariably implicated. This is the first report directly linking the telomere length of specific chromosome arms to their stability. Interestingly, postcrisis populations that had gone through a period of ill-defined crisis (without massive cell death) present less altered karyotypes than those with clearcut crisis. Such differences in the type and extent of chromosome abnormalities among postcrisis cells suggest that the karyotype evolution may have been interrupted at different times, most likely by the appearance of a telomere maintenance mechanism (Counter et al., 1992 (Counter et al., , 1994 Halvorsen et al., 1999) . Although no telomerase activity was detected before crisis in any of the cultures, it seems quite likely that in some cases precrisis cells with still limited karyotype abnormalities underwent reactivation of telomerase early enough to prevent further telomere instabilities. In particular, chromosome homologues 5qA and 1qB, which carry telomeres significantly shorter than their allelic counterparts and become unstable at around PD64-66, are preserved in populations with limited crisis phenotype. These observations, together with the fact that telomerase-positive postcrisis cells are frequently recovered from SV40-ER-transformed HA1 cells (Counter et al., 1992) , indicate some proclivity of these cells to reactivate telomerase, with no need for a strong selection step. The contribution of limited genome rearrangements (due to telomere instability) to the activation of telomerase in precrisis cells, suggested by the translocation/duplication of hTERT in one of the postcrisis populations, remains nevertheless hypothetical.
It has been suggested that telomere dysfunction due to shortening is responsible for most of the genome instability observed during the initial stages of tumor development, with rearrangements of chromosomes caused by BFB cycles leading to genetic heterogeneity within a tumor cell population (Gisselsson et al., 2001; Gisselsson, 2003) . Accordingly, BFB events are apparently more frequent in tumors bearing numerous unspecific chromosome aberrations as well as extensive intratumor heterogeneity than in tumors with tumorspecific aberrations and low variability (Gisselsson et al., 2000) . Our observations on the progression and final outcome of transformed HA1 cells karyotype indicate that, although there is variability among postcrisis populations, the quality of chromosome alterations is primarily influenced by the initial telomere length distribution among individual chromosomes. The extent of such alterations seems, on the other hand, influenced by the timing of telomerase activation. The absence of tetraploidization in postcrisis cells with less altered karyotypes suggest that this phenomenon (which occurred around PD60 in the precrisis HA1 cells analysed here) is concurrent with a substantial accumulation of dysfunctional telomeres and might be prevented by telomerase activation.
Taken together, our results suggest that the distribution of telomere lengths among chromosome arms is an important variable qualitatively contributing to the karyotype evolution of transformed cells. Since this distribution appears to be proper to each individual, it is conceivable that the risk for any specific chromosome arm to become unstable due to excessive telomere shortening varies among individuals. Therefore, the quality of chromosome rearrangements due to telomere instability and thought to accompany early stages of tumorigenesis may be partly dictated by the particular telomere length distribution of each individual. Although chromosome aberrations that are recurrent in a given type of tumor may be driven by mechanisms other than telomere shortening and may indeed occur independently of telomere dysfunction, the majority of solid tumors carry a great variety of chromosome aberrations that differ within the same group of tumors. We suggest that these aberrations might be related to the telomere length heterogeneity existing in premalignant cells, and that they may explain the observed karyotype differences among tumors of the same type. This hypothesis may be tested by comparing the incidence of karyotype abnormalities implicating chromosome ends in tumor cells with the telomere length distribution detected in normal somatic cells (from the same tissue or from blood) in the same patients.
Materials and methods
Cells
The generation of SV40-ER-transformed HA1 cells has been described (Stewart and Bacchetti, 1991) . Cells frozen at PD38 were thawed and grown in a-MEM with deoxyribonucleotide (Cambrex), 10% fetal calf serum, nonessential amino acids (1 Â ) and HEPES (10 mM). Cultures were diluted at 1/8 ( þ 3PD) when at confluence, until cells approached crisis (indicated by a marked increase in cell death). Cells were then maintained at high concentrations until no net growth was observed. At 4 weeks after the peak of cell death (PD72), colonies emerged and were pooled and expanded. Postcrisis cell populations rescued in previous experiments (Counter et al., 1992) were cultured similarly.
Metaphase spreads
Exponentially growing precrisis and postcrisis HA1 cells were treated with colcemid for 1 h followed by hypotonic shock and methanol/acetic acid fixation. Cell suspensions were dropped onto clean slides and used for karyotype analysis and hybridization experiments within the next few days.
Telomere Q-FISH
Telomere-specific PNA hybridizations were performed as described (Zijlmans et al., 1997; Londono-Vallejo et al., 2001 ) using a Cy3-(CCCTAA)3 PNA probe (Applied Biosystems). Chromosomes were counterstained with DAPI. Fluorescent-specific signals were visualized under a UV microscope and captured through a cooled CCD camera using the IpLab software. From every cell preparation, at least 50 digital images (grayscale and pseudocolor) corresponding to complete and well-spread metaphases were stored in a computer for later analysis. A second FISH was performed on the same slides to distinguish between homologous chromosomes (Londono-Vallejo et al., 2001) , using cosmid probes (f7501 and DNF92) carrying polymorphic subtelomeric segments (Der-Sarkissian et al., 2002) . Cosmids were labeled either with biotin or digoxigenin and revealed by Texas-red avidin (Vector) or FITC-conjugated anti-digoxin antibodies (Sigma), respectively. Most metaphases were retrieved after the second hybridization step and specific subtelomeric signals were captured.
Measure of relative telomere intensity
Telomere intensities were estimated as described (LondonoVallejo et al., 2001) . Individual values were normalized with regard to the mean telomere intensity of the metaphase (mean of 92 telomeres). For each individualized telomere, a mean relative telomere intensity was calculated from at least 50 metaphases. Statistical comparisons between allelic telomeres were performed through a paired t-test.
Karyotypic analyses
Classic karyotypic analysis was based on the simulated Gbanding pattern obtained by DAPI staining. For evaluation of the integrity of particular extremities, we performed in vitro hybridizations with specific probes obtained from G Vergnaud (Universite´Paris-SUD) or from the CEPH collection. These probes are PACs or BACs carrying large genomic fragments located at 1pter (62-L8), 1qter (160H23), 5pter (b562E11), 5qter (240-G13), 8p22 (h197B4), 18pter (52-m11), 18q22.3 (B211F2), 19p13.3 (h563E1), 19qter (b1141B10) and 20pter (dJ1061-11). b1067B11, which was a mixture of two different BACs carrying fragments from 20q13 and 8p22, respectively, was either used as such or after purification of subclones exclusively hybridizing to 20q13. BACs and PACs were labeled as above. Chromosome 1 and 5 painting probes were prepared by Alu-PCR as described (Cherif et al., 1993) , using purified somatic hybrid DNA as templates (Coriell). Amplified DNA was directly labeled with either coumarin 5-dUTP or Cy5-dUTP (Amersham-Pharmacia).
Telomerase activity
Cell extracts were prepared at PDs 45, 52, 54, 58, 61, 64, 67, 79, 83 and 88 and equal protein amounts were assayed by TRAP.
